Background: The frequency of variable hormonogenesis in patients with Cushing disease (CD) but without cyclical symptoms is unclear.
C yclical Cushing syndrome (CS) is said to be an uncommon disorder, characterized by intermittent hypercortisolism accompanied by clinical symptoms and signs that typically regress during periods of eucortisolism (1) (2) (3) . Documentation of three hypercortisolemic peaks and two troughs with normal cortisol levels is an accepted way of confirming the diagnosis (4), though another retrospective study accepted the demonstration of two clinical and/or biochemical hypercortisolemic peaks separated by a period of clinical and biochemical remission as defining cyclicity (5) . In a review of cases reported in the literature up to 2007, Meinardi et al. (6) pointed out that many patients might have cyclical or variable hormonogensis with nonvariable clinical expression. Although the term "cyclical CS" has been used somewhat indiscriminately in the literature to include cases both with and without variable symptoms, variable hypercortisolism with nonvarying symptoms may be considered a different phenomenon from cyclical CS and could be of potentially greater significance in routine practice.
The Endocrine Society guidelines suggest measurement of late-night salivary cortisol (LNSC) as the appropriate method of investigating for cyclical CS or variable hormonogenesis, as it is simple to perform repeatedly and, when samples are collected appropriately, accurate (7) . We set out to investigate prospectively the phenomenon of variable hormonogenesis in consecutive patients referred to our center with suspected CS over a 6-month period.
Patients and Methods
From January to June 2014, all patients investigated for a suspected diagnosis of CS in the Endocrine Department of the Cleveland Clinic were invited to participate in the study. This included patients with de novo CS and those with possible recurrent/persistent disease after previous transsphenoidal surgery (TSS). The study was approved by the Cleveland Clinic Foundation Institutional Review Board. Patients unable to cooperate with providing salivary samples and those doing shift work that interfered with normal sleep patterns were excluded.
Informed written consent was obtained from each patient before study procedures began.
Investigation for CS was by conventional methods, including urinary free cortisol (UFC), dexamethasone suppression tests, serum and salivary cortisol, plasma adrenocorticotrophic hormone (ACTH), corticotrophin-releasing hormone (CRH) stimulation, pituitary magnetic resonance imaging (MRI), and inferior petrosal sinus sampling (IPSS) ( Table 1) .
LNSC
Once the diagnosis of CS had been established, patients were asked to collect late-night salivary samples, between 11 PM and midnight or as late as possible before going to sleep if they normally retired before 11 PM, for up to 42 consecutive nights. They were given 10-mL Sarstedt salivettes (Sarstedt, Newton, NC) for sample collection. Food was not to be eaten in the 2 hours before sample collection, and they were to avoid brushing teeth, smoking, and drinking alcohol or coffee during that time. Ten minutes before starting the sample collection, they were to rinse the mouth with water to remove any food remnants. Patients were also advised to avoid use of any skin creams and to wash their hands prior to collection. Patients stored these samples in their fridge or freezer and mailed them to our department at weekly intervals. Samples were subsequently stored at 270°C until analysis in our laboratory. If a patient occasionally missed a day, the data were still included.
Analysis for salivary cortisol was by liquid chromatography (LC) and tandem mass spectrometry (MS) in our laboratory. Each subject's samples were analyzed in a single assay run. Saliva (200 mL) was mixed with internal standard (50 mL; d4-cortisol 5 ng/mL in 1:1 methanol/water) and vortex mixed, followed by addition of 1 mL methyl-tert butyl ether. The All reagents used were of LC-MS grade. This method was performed on a Prelude LC system (Thermo Fisher Scientific, Waltham, MA) coupled to a TSQ Quantiva MS with water and methanol as mobile phase using an Accucore C18 analytical column (Thermo Fisher Scientific). Analytical measurement range was determined to be 28 to 1562 ng/dL (0.8 to 43.1 nmol/L) with accuracy between 95% and 118%. No substantial carryover was observed up to 4748 ng/dL (131 nmol/L). The total coefficient of variation was ,14.8% at levels of 68.9 to 2160 ng/dL (1.9 to 59.6 nmol/L). Comparison (n = 33) with an independent LC-tandem MS method offered by a separate clinical laboratory gave a Deming regression correlation coefficient of 0.925, slope of 1.04, an intercept of 20.006, a standard error of estimate of 0.86, and a mean bias of 3.6%. The reference interval was established by measuring LNSC in 41 healthy subjects aged 19 to 71 years. Normal LNSC in this assay was ,101 ng/dL (2.8 nmol/L), with a lower limit of quantitation of 29 ng/dL (0.8 nmol/L).
Cyclic patterns were evaluated using a robust, nonparametric method described by Ahdesmaki et al. (8) . A periodogram was fit to each patient's cortisol measures, and the magnitude of the maximum spectral estimator was tested to see if the observed pattern exhibited more periodicity than would be expected from a random pattern based on a permutation test. Analyses were performed using the GeneCycle package within R software (version 3.1; SAS Institute, Cary, NC), and a P value ,0.05 was considered statistically significant. Table 1 summarizes the criteria on which the diagnosis of Cushing disease (CD), de novo or recurrent/persistent, was based in each case. In seven of the eight de novo cases, a pituitary adenoma that stained positively for ACTH but negatively for other anterior pituitary hormones was demonstrated, and all of these patients developed postoperative adrenal insufficiency requiring hydrocortisone replacement for variable lengths of time. In seven of the eight recurrent/persistent cases, confirmation of pituitary adenoma tissue, staining positively for ACTH, was available in previous records. The one patient in whom this was lacking had had postoperative adrenal insufficiency. Four of these patients did not have postoperative adrenal insufficiency, thereby blurring the distinction between persistent or recurrent CD. One patient had two transsphenoidal operations prior to participating in this study; she had adrenal insufficiency after the first and remained in remission for 9 years before having a second surgery, after which she did not develop adrenal insufficiency.
Results
Over the 6-month period, 27 patients signed consent to participate. Patients were not routinely asked whether they experienced fluctuation in their symptoms. In only one case was mention made of the possibility of cyclical CS, and this patient was eventually excluded from the study due to use of steroid cream during the collection period (discussed later). No patient with CD diagnosed during this period refused to participate. CD was confirmed in 19 patients (17 women and 2 men; age ranging from 27 to 62 years) by conventional investigations independent of the tests in this study. The diagnoses in the other eight patients were adrenal carcinoma (one), adrenal adenoma (two), initially undisclosed use of steroid cream (one), and obesity with fatigue (four).
Of the 19 with confirmed CD, 16 (15 women and 1 man) submitted at least 7 consecutive LNSC samples, and 13 patients submitted .21 samples. Eight of these patients had de novo CD and subsequently underwent TSS at Cleveland Clinic, and eight had recurrent/persistent CD having had previous TSS. The results from these 16 patients are presented.
Individual LNSC levels during the study are shown in Figs. 1 (de novo) and 2 (recurrent/persistent). On simple visual inspection, 12 of the 16 patients exhibited at least three peaks and two troughs. LNSC level was in the normal range [,101 ng/dL, (2.8 nmol/L)] on at least one occasion in 14 patients. This was the case in all eight patients with recurrent/persistent CD and in six of the eight with de novo CD. Applying the criteria of Ahdesmaki et al. (8) , only 2 of the 16 patients exhibited fluctuations that were deemed cyclical: patients 5 (de novo) and 13 (recurrent/persistent), with the interval between peaks appearing to be ;4 days with a little variation.
In five of the eight patients with recurrent/persistent CD, the lowest LNSC level was at or below the limit of detection of the assay (29 ng/dL). This was the case in only one patient with de novo CD. Table 2 shows the lowest and highest LNSC levels in each patient and the number of LNSC values that were in the normal range out of each patient's total number. Also, in five patients with recurrent/persistent CD, approximately one in three LNSC measurements were in the normal range, and four patients had normal levels .50% of the time.
Six of the eight patients with recurrent/persistent CD had normal LNSC levels on two consecutive nights on at least one occasion; one had an instance of three normal on consecutive nights; one had four in a row, two had six in a row, and one patient had 31 consecutive normal LNSC levels. Only one patient with de novo CD had normal levels on more than four consecutive nights.
Although the study was not designed to compare the study values of LNSC with those of UFC used in diagnosis, Supplemental Table 1 shows mean 24-hour UFC and range and median values of LNSC in the 13 patients in whom UFC was part of the diagnostic evaluation. There was a poor correlation between the mean 24-hour UFC and median LNSC (Pearson correlation coefficient R = 0.419; P = 0.15)
Discussion
The potential utility of salivary cortisol measurement in both the diagnosis and long-term monitoring of patients with "classical" cyclical CS has been ably demonstrated in studies of such patients for periods of $2 years (10, 11). Fluctuations have also been reported using 24-hour UFC, serum cortisol, and ACTH levels (3, 4, 9, 12, 13). Petersenn et al. (14) analyzed baseline (pretreatment) UFC data in 152 patients with CD from an international, multicenter trial of pasireotide treatment. The overall intrapatient coefficient of variation of four 24-hour UFC measurements was 52%, with one patient exhibiting a range of 217.5 to 5081.5 mg (600 to 14,020 nmol).
Our prospective study of patients with CD, both de novo and recurrent/persistent, demonstrates the frequency Tables 1 and 2 . The fractions at the top right-hand corner of each line graph represent the fraction of the total number of tests that were elevated. The red lines indicate upper limit of normal for LNSC. Note that the scales for days on the abscissae and salivary cortisol on the ordinates vary from patient to patient for the purpose of formatting. To convert ng/dL to nmol/L, divide by 36. 24. with which wide fluctuations of cortisol levels, as measured by LNSC, occurs in patients with no suspicion of cyclical CS. It has been suggested that the demonstration of three peaks and two troughs in sequential biochemical work up is sufficient for diagnosis of cyclical CS. Graham et al. (15) investigated sequential LNSC and early morning urine cortisol/creatinine ratio for up to 28 days in 10 patients, 7 of whom had de novo CD. Similar to our findings, their patients showed fluctuation of measurements on a day-to-day basis. They also demonstrated a Tables 1 and 2 . The fractions at the top right-hand corner of each line graph represent the fraction of the total number of tests that were elevated. The red lines indicate upper limit of normal for LNSC. Note that the scales for days on the abscissae and salivary cortisol on the ordinates are vary from patient to patient for the purpose of formatting. To convert ng/dL to nmol/L, divide by 36. 24. clear correlation (r = 0.79) between LNSC and urine cortisol/creatinine ratio. A previous report using urine cortisol/creatinine ratio found apparent cyclical hormonogenesis in five of nine patients investigated prospectively (13) . To our knowledge, no other study has included as large a patient population of patients with CD studied prospectively with LNSC measurement. At first glance, the fluctuations in many of our cases fit with a previous definition of cyclical hormonogenesis: three peaks and two troughs. However, in only 2 of the 16 cases were the strict statistical criteria that we used for cyclical hormonogenesis fulfilled. In any event, because none of these patients had any apparent fluctuation in symptoms or clinical features, we would hypothesize that fluctuation in cortisol, although marked or extreme in some cases, generally occurs over a short enough time so as not to translate into symptomatic change. Therefore, the issue of whether the fluctuation is random or cyclical may be viewed as being of academic and pathophysiologic interest rather than affecting the immediate clinical management of these patients.
Although we did not specifically set out to divide our patients into those with de novo and those with recurrent/ persistent CD, it is clear that important differences, with potential clinical impact, emerged between these two groups. With respect to the de novo patients, even though fluctuations were just as extreme, more so in some cases, as in recurrent/persistent CD, there is no suggestion that such variable levels caused any diagnostic difficulty. This was because in seven of the eight de novo cases, the vast majority of results were above the upper limit of normal. In the eighth patient (patient number 6), the clinical features and prior biochemical tests left no doubt about the diagnosis of CS even though 25 of 43 LNSC values were in the normal range during the study period. Whether the diagnosis would be so clear-cut in de novo patients who report apparent short-term cyclicity of symptoms we cannot say, as there were no such patients in our cohort.
Recurrence of CD after successful pituitary TSS is now recognized as being more common than previously thought, having been reported as ;30% or higher up to 5 years after surgery (16, 17) . LNSC measurement has been proposed as a convenient means to screen for recurrence of CD (18, 19) . Amlashi et al. (20) , in a retrospective study that included LNSC measurement in 68 patients with CD in remission after TSS, of whom 19 then had recurrence, concluded that LNSC would be a more convenient and more accurate test than 24-hour UFC for detecting recurrence. They also advocated that prospective studies are necessary. Therefore, the results in our patients with recurrent/persistent CD are potentially problematic. It should be no surprise that overall, the levels in these patients are lower than in de novo patients, because one might anticipate that the previous pituitary surgery would lower overall ACTH and cortisol production. What our results reveal, however, is the frequency with which patients with recurrent/persistent CD have LNSC within the normal range. This observation has particular relevance with regard to recent suggestions that LNSC measurement may represent the best test for early diagnosis of recurrent CD (20) (21) (22) . Our study did not address that particular question, but the fact that half of our patients with recurrent/persistent CD had normal LNSC levels in .50% of their tests and that in 75% of the patients, normal levels were seen on at least two consecutive (23) propose that either the highest level from four samples or the mean of three may be needed, whereas our data suggest that in some cases, an even greater number may be required. We were surprised by the results in patient number 16, who had normal LNSC levels in 33 of 34 samples. This would naturally raise the question of whether this patient did indeed have recurrent/persistent CD. We are certain she did, based on symptoms and elevated UFC and ACTH, plus the fact that subsequent to this study, she has met criteria for participation in two clinical trials of investigational drugs for CD. Kidambi et al. (24) have pointed out that in cases in which there is a high index of clinical suspicion, large numbers of LNSC measurements may be necessary to confirm the diagnosis.
Another implication from our study is the need to exercise caution in the interpretation of results when using medical therapy for CD. This would apply both in routine clinical practice and, perhaps particularly, in clinical trials, in which, because pituitary surgery remains the treatment of choice for de novo patients, it is likely that many or most patients will have recurrent/persistent CD as opposed to de novo.
Doing clinical research prospectively in patients with CD for a period of time before they have surgery is challenging, given that one does not wish to delay treatment. Strengths of our study are that it was prospective and that all patients diagnosed at our clinic as having CD during the 6-month study period agreed to participate. There are also some potential weaknesses. Saliva samples were collected by the patients unsupervised (though after careful instruction). It has been noted that compliance with timing of salivary cortisol sampling can be substantially less than is reported by both patients (with fibromyalgia) and healthy subjects, though patients were more compliant than healthy volunteers (25) . However, collection of saliva at home, unsupervised, is now accepted as being accurate for the diagnosis of CS in routine clinical practice (26) . The number of patients we studied is relatively small, but to our knowledge, it is the largest prospective study looking at consecutive LNSC measurements. Clearly, only a minority of the patients completed 6 weeks of LNSC measurement, and five patients had gaps of 1 or 2 days in collection, a reflection of what is achievable in real-world clinical investigation; therefore, it is possible we might be underestimating the frequency of truly cyclical hormonogenesis. Our results relate to measuring LNSC by LC-tandem MS-studies using other methods of LNSC such as radioimmunoassay may be needed because the performance of other methodologies may be different. There has been recent interest in measurement of salivary cortisone, in addition to salivary cortisol, as a reflection of serum free cortisol (27, 28) . The rationale for this is that salivary glands express the enzyme 11b-hydroxysteroid dehydrogenase type 2, which converts cortisol to cortisone. One can only conjecture on the role that conversion of cortisol to cortisone might have played in producing the variability in salivary cortisol we have described. Measurement of cortisol/cortisone ratio can be used to detect preanalytical contamination of saliva by, for example, hydrocortisone cream because collected saliva, as opposed to the salivary gland, would not contain the enzyme (29) .
In conclusion, our study highlights the frequency and extent of fluctuation of LNSC that occurs in CD. We have shown, also, that patients with recurrent/persistent CD may have LNSC levels in the normal range with considerable frequency. Both of these points are of potential importance in routine clinical practice. Finally, we suggest that a distinction should be made between cyclical (or variable) hormonogenesis and cyclical CS. Cyclical CS was not present in any of our patients, and, indeed, true cyclical CS, with remission of clinical features and symptoms in addition to cyclical hormonogenesis, is a relative rarity. In contrast, extremely variable hormonogenesis seems to be virtually the norm and may therefore be a greater clinical challenge in everyday practice than has hitherto been acknowledged.
